ABSTRACT Considering the difficult maneuverability of the hovercraft and the driving burden of the pilot, an automatic tracking system including an intuitive human-computer interface and an adaptive chatteringfree full-order terminal sliding mode (ACFTSM) controller is designed for humans (non-engineers in particular). The human-computer interface is easy to be understood and used. For the design of the controller, four degrees of freedom (DOF) model of hovercraft is established. And based on the four DOF model, the desired velocities are proposed by a TSM manifold to achieve the finite-time trajectory tracking. Then, the desired velocities can be tracked by the designed CFTSM controller which has superior properties, such as fast and finite-time convergence, highly robust to the disturbances, and low sensitivity to the system parameter variations. Moreover, both the chattering and singularity problems of TSM are resolved by the CFTSM method. By the well combining with radial basis function neural networks in this paper, the new method, named ACFTSM, also has an ability to deal with the strong nonlinearity and uncertainty of hovercraft's complex model. The controller guarantees the fast and finite-time convergence of velocities and position tracking errors. And numerical simulations are implemented to demonstrate the robustness and superiority of the designed controller.
I. INTRODUCTION
Hovercraft as shown in Fig.1 has a flexible skirt system around its periphery to seal the cushion air [1] . The hovercraft can be lifted up by a large enough air cushion force to get amphibious performance. It is able to run at high speed over shallow water, rapids, ice and swamp where no other craft can go [1] . Thus hovercraft has been the focus of many oceanic research works including the exploration of oceans, transportation, scientific and military missions, and more.
It is noteworthy that amphibious hovercraft is very different from general surface ships and has poor antiinterference ability. A higher operating requirement for drivers is needed in the high-speed moving process to prevent dangers like stern-kickoff, plough-in, great heeling and etc. [2] - [4] . To lighten this burden, an automatic tracking system for underactuated hovercraft is designed in this paper. The system has an intuitive human-computer interface which is easy to be used for humans (non-engineers in particular) and an effective tracking controller.
From a detailed review of the available literatures about the motion controllers of hovercraft [5] - [11] , only simple three degrees of freedom (DOF) model were adopted. And aerodynamic and hydrodynamic forces and moments acting on the body were not represented in their equations of motion. Any analysis of a marine vehicle must include the analysis of the structure of these forces and moments. And in practice, when the hovercraft is turning, roll angle always exists and increases with the increase of the turn rate and drift angle [3] . Roll angle is important for the performance and safety of hovercraft, just like drift angle [2] . It is also shown from [12] that the four DOF model including roll motion is closer to the performance of the real ship than three DOF model. Hence, four DOF model of hovercraft is established in this paper [1] , [4] . And the forces and moments acting on the hovercraft are represented including aerodynamic profile drag, wave-making drag, air momentum drag and skirt drag. Especially, the influence of the rudder forces on the surge, sway and roll dynamics which always be ignored in many studies are considered here.
The common hovercraft is a kind of underactuated vehicles. In the last few decades, different control techniques have been proposed to deal with the control of underactuated marine vehicles such as cascaded approach [13] , Lyapunov's direct method [14] , [15] , backstepping technique [16] , [17] , dynamic surface control (DSC) technique [18] , sliding mode control (SMC) technique [19] - [21] , and more. Especially, SMC has attracted significant amount of interest due to its fast global convergence, simplicity of implementation, high robustness to external disturbances and insensitivity to model errors and system parameter variations [22] , [23] . Compared to the conventional linear sliding mode (LSM) control, terminal sliding-mode (TSM) control has superior properties such as fast and finite-time convergence and smaller steady-state tracking errors [24] - [29] . However, two main problems hindering the application of the TSM control are the chattering and the singularity. A number of methods for attenuating chattering have been proposed, such as boundary layer method, hyperbolic tangent function method, highorder sliding mode method, disturbance estimation method and a continuous control strategy. But for the singularity problem, it is shown in [30] and [31] that the singularity areas always exist in state space for TSM systems if the TSM manifold is chosen as the reduced order like in the conventional SMC systems. And a new chattering-free full-order terminal sliding mode (CFTSM) control method is proposed in [30] and simulations validate the control singularities are avoided. In this paper, the CFTSM is firstly used in the controller design of hovercraft. And radial basis function neural networks (RBFNN) is well combined with the CFTSM method named Adaptive CFTSM (ACFTSM) to deal with the high nonlinearity and uncertainty of hovercraft's model. The robustness and superiority of the designed controller are verified in simulations.
The paper is organized as follows: In Section 2, four DOF model of underactuated hovercraft is established and the control problem in this paper is also formulated. Humancomputer interface is described in Section 3. The trajectory tracking controller is designed and analyzed in Section 4. Simulations are shown in Section 5. Finally, the conclusion of this work is summarized in Section 6.
II. PROBLEM FORMULATION A. HOVERCRAFT MODEL
Four DOF model of hovercraft are as follows:
where u, v, p, r represent the surge, sway, roll and yaw velocities, respectively. x and y are the coordinates of the hovercraft's center of mass in the earth coordinate system, , ψ are roll and yaw angles, respectively. m, J x and J z are hovercraft's mass and moment of inertia respectively. F u P is the surge force generated by an air propeller.M r R is the yaw moment generated by an air rudder and
T are the total drags written as: 
in which V a and β a are relative wind speed and direction, V w and β w are absolute wind speed and direction. And from [3] and Assumption 2,
T can be calculated as follows:
where (x R , y R 1 ) and (x R , y R 2 ) are the acting point coordinates of rudder forces, z R is their height which is relative to the center of gravity plane. C u R and C v R are rudder force coefficient associated with rudder angle. S R is the area of the rudder. v R is the inflow velocity of rudder and given by
where S d is the duct outlet area of air propellers. More details can be found in [1] , [3] , [32] , and [33] . To facilitate the design of the latter controller, we define the following rules:
Then from (5), we have
Assumption 1: The motion of pitch and heave are not discussed. The cushion pressure and the fan flow of cushion fan are assumed to be constants.
Assumption 2: The hovercraft has two same air propellers and two same air rudders, which are symmetrically mounted at the tail of the hull as shown in Fig.2 , and they can only be operated simultaneously, not separately. 
B. PROBLEM FORMULATION
Desired reference trajectory is generated by a virtual target described in the following form:
where
We define the following position tracking errors:
By using (1) and (10), the obtained position error dynamics are as follows:
In addition, we define the following velocity tracking errors:
where u d and v d are the designed velocities as virtual controls of u, v, respectively. Using (2), (7), (12) and considering the unknown external disturbances and model uncertainty, the derivatives of velocity tracking errors are obtained as followṡ
and f r (p) are the considered model uncertainties and they are bounded and differentiable from [34] . The problem tackled in this paper can be formulated as follows:
An intuitive human-computer interface for humancentered automatic tracking system is designed. Then consider the hovercraft model described by (1) and (2) . ACFTSM tracking controller is designed to generate the surge force τ u and the yaw moment τ r in order to guarantee the velocity tracking errors (e u , e v ) converge to zero in finite time. Then by the effective design of the desired velocities (u d , v d ), the hovercraft's actual position (x, y) can track the desired target trajectory (x d , y d ) in finite time.
III. HUMAN-COMPUTER INTERFACE
The human-computer interface of the automatic tracking system is shown as Fig.3 . There are four parts in the interface including working mode, target setting, current state and motion display. Part A: Working mode part displays the current working mode: ''AutoTrack'' means automatic tracking; ''Manual'' means manual operation.
Part B: Target setting part is used to set the desired target state. After setting up, you can press the ''AutoTrack'' button to automatically track the trajectory of the target. If you want to switch to the manual operation, just press the ''Manual'' button to cancel the tracking mode.
Part C: Current state part shows the current state of hovercraft and the tracked target. The position tracking error is also shown in this part.
Part D: Motion display part can intuitively show the motion state of hovercraft and target, especially the distance between them.
IV. CONTROLLER DESIGN A. DESIGN OF THE DESIRED VELOCITIES
Lemma 1 [30] , [31] : A TSM manifold is selected in the following form:
where c i and α i (i = 1, 2, . . . , n) are constants. c i can be selected such that the polynomial p n +c n p n−1 +· · ·+c 2 p+c 1 , which corresponds to above system (14) , is Hurwitz, i.e., the eigenvalues of the polynomial are all in the left-half side of the complex plane. α i can be determined based on the following conditions:
where α n+1 = 1, α n = α, α ∈ (1 − ε, 1), ε ∈ (0, 1). Once the ideal sliding mode s = 0 is established, we havė The desired surge and sway velocities are designed as follows: 
Then from Lemma 1, (x e , y e ) can converge to from any initial condition x e (0) = 0, y e (0) = 0 in finite time.
B. DESIGN OF THE SURGE FORCE

Assumption 3: The first and second derivatives of
where k f > 0, k s > 0 are positive constants.
T is unmodeled hydrodynamic disturbances, assumption 3 is realistic in practice.
Assumption 4: The first derivatives of u, v, p, r are all bounded: max {|u| , |v| , |ṗ| , |ṙ|} ≤ k vel (22) where k vel > 0 is a positive constant. Remark 2: In practice, velocities are continuously differentiable in the moving process of hovercraft. So the boundedness of them is reasonable.
A TSM manifold is chosen such that:
Using (13), s u can be rewritten as
Surge control law is designed as follows:
where 
Remark 3: Gaussian functions are chosen as the elements of basis function vector of RBFNN. The detailed form can be found in [19] instead of tedious discussion here.
Adaptive control law is chosen as:
where γ > 0 is the adaptive coefficient.
C. DESIGN OF THE YAW MOMENT
Using (13), s v can be rewritten as
Yaw control law is designed as follows:
where where 
where γ > 0 is the adaptive coefficient. Remark 4: From assumption 3 and assumption 4, (29),(37) and (38) are reasonable.
Assumption 5: τ un in (25) and τ rn in (33) satisfy the following conditions:
Remark 5: Since τ un in (25) and τ rn in (33) cannot be infinite and are always limited to a possible value, the assumption 5 is reasonable [30] .
D. STABILITY ANALYSIS
Theorem 1: Consider the underactuated hovercraft system (1) and (2), if the velocity tracking errors are defined as in (12), the desired velocities are chosen as in (17) and the control laws of the surge force τ u and yaw moment τ r proposed in (25) and (33) are applied to the hovercraft, the finite-time convergence of the velocity tracking errors (e u , e v ) to (0, 0) is guaranteed. Furthermore, the hovercraft's position errors (x e , y e ) can converge to (0, 0) in finite time. And the yaw and roll motion remain bounded.
Proof: Substituting the control law (25) into (24) gives
The derivative of s u iṡ
where W u is the ideal constant weights, ε u is the approximation error and |ε u | ≤ ε N , ε N is a positive constant. Similarly, substituting the control law (33) into (32) gives
The derivative of s v iṡ
From (29), (37), (38), (40) and above equation, we havė
By substituting adaptive laws (30) and (39) into it, (52) can be expressed aṡ
Integrating both sides of (53), we obtain
According to Barbalat's lemma, we have lim 
From Lemma 1, we know system can converge to Also from (2), the sway and roll dynamics is:
From (18), u and v will be bounded. It is obvious that F m , F wm , F sk , τ r will be bounded. And from Assumption 4, 37888 VOLUME 6, 2018 v,ṗ are bounded. Therefore, it is guaranteed that the yaw velocity r and roll angle will remain bounded from (59). This completes the proof.
V. SIMULATIONS
The comparison with conventional PID control is implemented in the first case to verify the superiority of the proposed controller. The second case is to verify the robustness and effectiveness of the proposed controller again. In simulations, the main particulars of hovercraft are shown in Table 1 . 
Adaptive coefficient is γ = 200. Simulation results of Case 1 and Case 2 are shown as Fig.5-13 and Fig.14-21 , respectively. It is obvious from Fig.5-Fig.9, Fig.14, Fig.15 and Fig.16 that the ACFTSM controller is effectiveness and can guarantee the position and velocity tracking errors converge to a very small range near zero whether in a straight line or a circle track. From the view of the comparison in Case 1, the proposed controller can keep better performance than PID controller under the external disturbance. Hence, it is superiority and has good robustness. The boundedness of the yaw and roll motion are shown in Fig.10, Fig.11, Fig.18 and Fig.19 .
VI. CONCLUSION
In this paper, a human-centered automatic tracking system for hovercraft is designed. The system has an intuitive humancomputer interface which is convenient to be used. And the tracking controller of the system is designed via ACFTSM method. Based on the four DOF model, the desired velocities are designed by a finite-time TSM method. Then the velocities are effectively tracked by the designed robust ACFTSM controller. The controller is highly robust to the external disturbances. It guarantees the fast and finite-time convergence of velocities and position tracking errors. By the combining with RBFNN, the ACFTSM controller can deal with the strong nonlinearity and uncertainty of hovercraft's complex model. The simulations indicate the effectiveness and superiority of the designed controller. The humancentered automatic tracking system can be easily learned and mastered by humans to lighten the driving burden. His current research interests include faulttolerant control, vessel motion control, and vessel dynamic positioning control.
